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ABSTRACT 
Landscape architectural research of green infrastructural practices has increased 
dramatically over the last decade. Due to this research, many designers are suggesting some form 
of green infrastructure within their projects.  Much of the present-day research focuses on 
function and not long term impacts of individual materials.  The current rate of implementation 
of green infrastructures might not produce a drastic impact upon the environment, but with 
installations being realized at an ever-increasing and larger scales, even minute elements within 
the construction of these structures begin to influence the overall ecological footprint produced 
by our designs.  Designers must re-evaluate the materiality of construction and select 
components based on a series of conditions including the life-cycle assessment associated with 
specifying individual products.  This paper examines the current ecological footprint of one 
standard green infrastructure, a green roof, and investigates what substitutions might be made to 
lessen the environmental impacts, over time, of green roof components.  
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CHAPTER 1. INTRODUCTION 
Continued increases in global population compounded with the rises of affluence contin-
ue to put more demands on energy consumption and the production of materials.  With a large, 
but non-finite resource base and ever-accumulative rises in CO2  emissions, designers must make 
critical decisions concerning materials and these  materials’ long-term impacts on the environ-
ment (Ashby, 2013). Due to climate change, continuation at our current rate of emission will 
eventually contribute to our own demise (Calthorpe, 2010). 
Major contributors to environmental harms are contemporary construction practices.  The 
use of non-renewable materials is the most overwhelming factor associated with these practices 
(“Green Building”).  Building and construction activities worldwide consume three billion tons 
of raw materials each year or 40 % of total global use of raw materials (Ahmed, 2012).   “While 
being eco-efficient may indeed reduce resource consumption and pollution in the short term, it 
does not address the deep design flaws of contemporary industry. Rather it addresses problems 
instead of the source, setting goals and using practices that sustain a fundamentally flawed sys-
tem” (Mcdonough et al, 2003).   Using fewer materials does not eradicate the negative impacts of 
their initial production.  
The tracing of a material’s life from production to disposal is called a life-cycle assess-
ment or (LCA).  Minimizing the drain on resources and the release of unwanted emissions is the 
main goal of a LCA.  A LCA must be fast and allow for exploration of alternative choices of ma-
terial, use patterns, and end of life scenarios (Ashby, 2013).   Following a LCA, green engineer-
ing principles can be used to evaluate material alternatives (Fig 1).  
The harnessing of nature for infrastructural systems is called “green infrastructure”.  
Green infrastructure can provide critical services for communities, protecting them against the 
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increasingly common fluctuations in climatic occurrences such as flooding, drought, and extreme 
temperatures (“Green Infrastructure”).   
Fig. 1 Source:  Mcdonough et al, 2003
Green roofs are a form of green infrastructure.  A green roof is a multilayered vegetated 
roof covering (She et al, 2010).   Green (or living) roofs use vegetation to improve the perfor-
mance of an ordinary roof with regard to stormwater management, energy consumption, lifespan, 
amenity and/or create a pleasant space in an otherwise underutilized space (Snodgrass et al, 
2010).  Although these benefits are substantial, a measure of the entire life cycle of each individ-
The 12 Principles of Green Engineering 
Principle 1 Designers need to strive to ensure that all material and energy inputs and outputs 
are as inherently nonhazardous as possible. 
Principle 2 It is better to prevent waste than to treat or clean up waste after it is formed. 
Principle 3 Separation and purification operations should be designed to minimize energy con-
sumption and materials use. 
Principle 4 Products, processes, and systems should be designed to maximize mass, energy, 
space, and time efficiency. 
Principle 5 Products, processes, and systems should be “output pulled” rather than “input 
pushed” through the use of energy and materials. 
Principle 6 Embedded entropy and complexity must be viewed as an investment when making 
design choices on recycle, reuse, or beneficial disposition. 
Principle 7 Targeted durability, not immortality, should be a design goal. 
Principle 8 Design for unnecessary capacity or capability (e.g., “one size fits all”) solutions 
should be considered a design flaw. 
Principle 9 Material diversity in multicomponent products should be minimized to promote 
disassembly and value retention. 
Principle 10 Design of products, processes, and systems must include integration and inter-
connectivity with available energy and materials flows. 
Principle 11 Products, processes, and systems should be designed for performance in a com-
mercial “afterlife”. 
Principle 12 Material and energy inputs should be renewable rather than depleting. 
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ual element must also be reviewed prior to supporting an increase in their installation (Carter et 
al, 2008). 
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CHAPTER 2. METHODOLOGY 
The information contained within this paper was collected from published literature, lec-
tures, and data produced from sustainability assessment tools such as EduPack software (“CES 
EduPack 2014”) and Principles of Green Engineering (Mcdonough et al, 2003). 
To comprehend the present body of knowledge related to green infrastructure (in particu-
lar, green roofs) and the impacts of these structures on the environment, a literature review was 
conducted.  Existing publications targeted towards landscape architects concerning the selection 
of materials and their LCA are limited.  Living Systems: Innovative Materials and Technologies 
for Landscape Architecture (Margolis, 2007) evaluates various green infrastructure systems, but 
lacks specifics concerning impacts of individual materials (King, 2008).  Materials for Sustaina-
ble Sites: A Complete Guide to the Evaluation, Selection, and Use of Sustainable Construction 
Materials (Calkins, 2009) does not tell the reader how to use the individual materials.  Instead, 
Calkins, the author, has compiled all the available research on each individual material in an at-
tempt to assist designers in making educated material choices (King, 2008).   Materials and the 
Environment: Eco-informed Material Choice (Ashby, 2013) effectively defines and explains the 
life-cycle assessments of individual materials, but falls short in offering alternatives for specific 
systems.  The use of the EduPack software (“CES EduPack 2014”) in conjunction with the litera-
ture provides the user with viable substitutions.  The method of entering the information con-
cerning design extents is quite complex and perhaps too cumbersome for use by many practicing 
landscape architects.    
Lectures recorded from Dr. John Pardue’s Environmental Engineering EVEG 4154 at 
Louisiana State University contributed to and inspired the compilation of this paper.  These lec-
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tures contained information on the fundamentals of material selection and life-cycle system 
analysis (Pardue, 2014). 
The main instrument used to determine the life-cycle analysis and the environmental im-
pacts of green roof’s materials was CES EduPack 2014 software at Level 3 Eco Design Eco Au-
dit (“CES EduPack 2014”).   This database allows the user to explore properties, conduct analy-
sis, and produce audits on varies materials and processes.  
The Principles of Green Engineering (Mcdonough et al, 2003) offered guidelines for se-
lecting alternatives for the individual materials of the green roof system.  
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CHAPTER 3. ANALYSIS 
I analyzed the most popular installation method for green roofs within the United States 
(Miller, 2014).   This method includes nine layers as shown in the graphic (Fig. 2) and is com-
monly called an extensive green roof system.  Extensive green roofs are a low profile (approxi-
mately 4” of growing media) vegetated roof system and are the lightest of the three systems (in-
cluding intensive and semi-intensive green roofs).  The systems distributed weight is usually be-
tween 12-25 lbs./sq.ft. (“Capitol Greenroofs”).  
The vegetation layer is the esthetic layer of green roofs. Many associate this layer alone 
as establishing the roof as environmentally friendly (Bianchini et al, 2012).  The vegetation layer 
is intended to be aesthetically pleasing. Plants perform a service in regulating storm water runoff 
by retention and the evapotranspiration processes (Oberndorfer et al, 2007).   Due to the harsh-
ness of environment conditions on rooftops, Crassulacean Acid Metabolism (CAM) plants are 
recommended. CAM plants open their leaf pores to exchange oxygen and carbon dioxide in the 
darkness allowing the conservation of water under drought conditions (Getter et al, 2006). Se-
dums meet these requirements and are plants most commonly used in extensive roof systems 
(Bianchini et al, 2012). 
The filter layer is typically produced from a thin sheet of geotextile material and prevents 
the infiltration of fine particles into the layers below during the drainage process.  This layer also 
maintains the integrity of the growing media layer above (Bianchini et al, 2012).  
The drainage layers role is to provide adequate flow of water off the roof during and after 
a rain event. This layer allows for a portion of the stormwater to be retained above where the wa-
ter is allowed to flow freely off of the roof. The drainage system is designed to ensure storm-
water may be used by the vegetation for longer periods of time without oversaturation of the sys-
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tem. This storage promotes plant growth, avoids anaerobic soil conditions, and keeps retained 
water from pooling on the roof (“Drainage”).  These storage layers are constructed from polyeth-
ene cups resembling the indentations in an egg carton ("Green Roof Drainage Membrane, New-
ton 220 Reservoir").  
Fig. 2  Extensive Green Roof System Source:  Capitol Greenroofs 
Protection fabric is used to protect the waterproof membrane from damage following in-
stallation. The most common materials used are water-permeable, hard wearing and dense syn-
thetic fibers, polyester and polypropylene (“Protection layers”). 
The root barrier protects the buildings’ roofing assembly from roots that could penetrate 
into the system and cause damage.  This layer usually is constructed from a polyethylene fiber. 
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Occasionally, a chemical additive is embedded in the fiber to prevent root growth (Bianchini et 
al, 2012).   
The insulation layer provides thermal insulation and is rectangular sheets of extruded 
polystyrene. While this can be positioned below the roof deck, installation above the waterproof-
ing layer (known as an “inverted green roof”) is preferred.  The inverted method adds an extra 
layer of protection to the waterproof membrane below (“Thermal insulation”). 
 The waterproofing membrane is the most critical of all the layers concerning protection 
of the roofing assembly from water damage and/or leaks (She et al, 2010).  The waterproof 
membrane is normally a liquid-applied membrane, a specially designed single-ply sheet mem-
brane, or a built-up roof system consisting of three or more layers.  Originally, green roofs were 
waterproofed with mastic asphalt, but bitumen sheets with polyester carriers and SBS modified 
coatings are becoming more common (“Waterproofing”). 
 The roof deck is the structural platform that makes up the shell of the roofing system and 
supports all of the components of the roof barrier.  Generally the roof deck is comprised of two 
primary forms: decking boards such as 1 x 6 or 1 x 8 and plywood (“Structural Components”).   
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CHAPTER 4. PROCESS 
The previously described components were entered into the EduPack Eco Audit software 
(“CES EduPack 2014”) with the following base case scenerio: 
• All materials are locally sourced meaning they can be fully produced within a one hun-
dred mile radius of the site.   
• Materials will be shipped to the site via a 32 ton truck.  
• The area of the green roof is equal to 92 square meters (approx. 1000 sq. ft.).   
• End of life remained as None.   This predicts that all the material will eventually end up 
in a landfill.   
• The base case demonstrated a very extreme condition and did not include the option of 
recycling or the ability to source materials with recycled content.   
• The useful life (or product life) of the green roof system will be 40 years.   
The individual layers were entered into the software based on overall mass (Fig. 3).    
Not all the materials were available as choices within the software.  Alternatives were select-
ed based on their similarities to the original material’s content and mass.   
Plywood was chosen to represent the roof deck. A 5 ply, beech at ½ inch thickness was elect-
ed for use as a material.  This selection accurately reflects the material typically used in a green 
roof application.   
The waterproof membrane, over the roof deck is usually applied as one of three techniques a 
liquid-applied membrane; a specially designed single-ply sheet membrane; or a built-up roof sys-
tem consisting of three or more layers.  Due to the lack of options offered within the software, I 
selected asphalt concrete as the waterproof membrane.  Asphalt is commonly used as a water-
proofing agent on roof installations.  The asphalt is to be applied at a 1” thickness.  The issue as-
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sociated with my choice is in relation to the density of the selected material.  The overall mass 
increases and effects the final results, but the deviation is not so extreme that the final results are 
severely faulted.   
 
 
Fig. 3 Source: (“CES EduPack 2014”) 
The polystyrene foam selected for insulation closely matches that described by green roof 
suppliers (“Thermal insulation”).  A 4-inch thickness was specified ("STYROFOAM™ Brand 
Panel Core 40 Insulation"). Variations could occur in relation to the density of this material de-
pending on thermal requirements. 
For the root barrier a polyethylene fiber 40 mil (.04 inch) unit was specified ("Choosing Root 
Barrier Material for a Green Roof").  Occasionally, a chemical additive is embedded in the fiber 
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to prevent root growth, but I choose to exclude this additive as it was not an option within the 
auditing software.   
The protection fabric, a polypropylene material, was specified as a copoly, high flow at a 5 
mm thickness.  It should be noted that the UV stabilized polypropylene is also a viable option.   
Drainage layers vary by manufacturer, but many are similarly constructed polyethene cups.  
This audit considers high density PE in a 20 mil (.02 inch).  The software did not supply infor-
mation on the density of this material. Density information is provided by a manufacture’s data 
sheet ("Green Roof Drainage Membrane, Newton 220 Reservoir").  
Filter layers are typically a geotextile material, and a majority of green roofs use a geotextile 
such as PET (polyethylene terephthalate) in a 5 mm thickness. Information concerning the densi-
ty was obtained from Plastic Products Inc.  ("PET polyethylene Terephalate Physical Proper-
ties”). 
The EduPack software provides very little information concerning natural products. Terracot-
ta in a 3-inch layer was designated to represent the growing media as many engineered green 
roof media mixes contain a large quantity of fired clay (Olszewski et al, 2011).   The final calcu-
lation for mass was reduced by 0.5 percent (an educated guess).  This reduction took into consid-
eration the lightweight organic content of typical roof media mixes as well as the firing of the 
clay included within the calculation of terracotta.  Additional considerations for the growing me-
dia include shell, bone, and antler (all options within the software, but all with similar densities).   
The vegetation layer usually consists of a sedum mix or other shallow-rooted plant material 
(Bianchini et al, 2012).  Bamboo in a 1-inch layer was chosen as the representative for this com-
ponent from the very limited list of materials with rapidly renewable plant species as their 
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source.  Unfortunately, this is not a very viable match as bamboo must be processed, but the den-
sities remain equivalent.   
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CHAPTER 5. RESULTS 
The results of the audit are reflected in figures 4 and 5.  Energy consumed (Fig. 4) and the 
CO2 emissions emitted (Fig. 5) by the life-cycle of the materials within the green roof structure 
are displayed.   
Upon running the EcoAudit and generating the report, several things are immediately appar-
ent.  The Material phase had both the largest energy footprint and CO2 footprint by a significant 
magnitude with over 95% of both categories in the Material phase (Fig.4 and Fig. 5).  The great-
est impact for improving the energy and CO2 footprints will be found in this phase, but there are 
possibilities for improvement in all phases of the life-cycle of the system. 
 
 
 
Fig. 4 Energy Footprint Summery Source: (“CES EduPack 2014”) 
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Fig. 5 CO 2 Footprint Summery Source: (“CES EduPack 2014”) 
 
These results reflect Ashby’s findings in chapter 13 of his book.  He argues that developed 
countries must increase material efficiency (providing more material services with less material 
production).  He considers this a “precautionary principle”, meaning that the anticipation of a 
shortage of materials is better than a reaction to the predicted shortage (Ashby, 2013).    
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CHAPTER 6. OPPORTUNITIES 
Research concerning viable ecologically sensitive alternatives for each of the materials 
listed was conducted.  These “replacements” must function as well or better than the base case 
materials specified.   
 The focus of exploration for alternative materials was within three categories: alternative 
recycled waste materials, rapidly renewable materials, and biological engineering.   
 Alternative recycled waste materials assist in keeping material production levels down by 
reusing existing materials already in the use stream (Chloe et al, 2009).  Rapidly renewable ma-
terials are plant based and typically harvested within a ten-year cycle (“NJ GREEN BUILDING 
MANUAL-Rapidly Renewable Resources”). Unlike petroleum-based materials that are non-
renewable, rapidly renewable materials can regenerate quickly and be broken down completely 
and reused by natural processes ("Rapidly Renewable Materials.") Biological engineering is an 
emerging discipline that encompasses engineering theory and practice connected to and derived 
from the science of biology ("About Journal of Biological Engineering").  This new discipline’s 
focus on the practice of Biomimicry permits the creation of new products based on innovation 
that seeks sustainable solutions to human challenges by emulating nature’s time-tested patterns 
and strategies ("What Is Biomimicry?").  
 When assessing a green roof’s vegetation layer it is important to remember that the most 
significant determining factor of what plants will grow there are climate and weather.  A process 
referred to as “green roof plant modeling” considers light and wind as the most important varia-
bles to consider when evaluating conditions for plant material (Songer, 2011).  CAM plants are 
proven to be the most efficient and viable species for green roofs (Getter et al, 2006).   Sedums 
(a CAM species) are the most successful plants for extensive green roofs, but are also susceptible 
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to fungus and disease in areas with high heat and humidity.  The placement of a biodiverse mix 
of species including both CAM and other varieties must be considered in areas prone to humid 
conditions (Songer, 2011).  Irrigation is often installed to assist in establishment of plant species 
on green roofs, but it should be temporary and a time line for removal should be established dur-
ing initial design.   
  A substitution for growing media could be a brown roof.  Brown roofs are biodiverse 
green roofs, but their growing media is composed of recycled building materials, soil, and spoil 
from the surrounding site (United States).  Results have shown that the alternative substrates per-
form as well as standard substrates and assist in keeping items such as sewage sludge and paper 
ash out of landfills (Fentiman, 2006).  Experiments are underway to reduce the effects of heavy 
metal-containing nanoparticles on beneficial soil microbes.  These “soil microbes” function in 
element cycling, pollutant degradation, and plant growth (Gajjar et al, 2009).   
 The following four layers (filter, drainage, protection, and root barrier) conventionally are 
constructed from plastics.  The problem with plastics is that they do not completely disintegrate.  
They simply break down into smaller pieces and not into their basic components.  They often are 
prone to absorbing other harmful chemicals and particles migrate into the surrounding environ-
ment and poison the ecosystem (Power, 2014).   
 One suggestion for the reduction of plastics in the materials system is reuse.  There are 
millions of tons of manmade polymers already in circulation throughout the world with no way 
to break the materials’ molecules down.  These immortal materials could be recaptured and 
turned into products and materials that take advantage of plastics (Power, 2014).  The advances 
in optical sorting (the automated process of sorting solid products using lasers) have assisted 
vastly in making this process more efficient and economical (Graham, 2006).   
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 Some researchers are combining thermoplastics with renewable resources. One such ex-
ample is a combination of thermoplastics with rice husk and cotton linters (recycled cotton fi-
bers). The resulting environmental impact, as compared to conventional virgin thermoplastics, is 
reduced significantly with the main reduction occurring during the materials’ acquisition and 
processing phases.  Composites obtained from renewable resources are still in an embryonic state 
of development when compared to petroleum-based plastics, but increased research and mass 
production should only escalate their efficiency (Vidal et al, 2008).   
 The insulation layer must perform its job of providing thermal protection to the adjacent 
structure below as well as additional protection to the waterproofing membrane.  Natural prod-
ucts such as wool and recycled cotton are being investigated for their insulation properties, but 
one material stands out for its ability to withstand deterioration and strong resistance to varying 
temperature and humidity and that is cork.  Cork is carbon neutral, biodegradable, light, non-
permeable to gases and liquids, elastic, flame resistant, and retains excellent thermal, acoustical 
and vibration insulation properties ("EnviroCork Natures Natural Insulation").  Cork waste gen-
erated during the manufacturing process is ground and used to make agglomerated cork products. 
Cork powder that is generated by the grinding process is collected and burned to help fuel the 
factory ("How Cork Is Made").  The downside to the use of cork is its availability.  Cork is typi-
cally harvested in and around Portugal (EnviroCork, 2009).  There are currently two national re-
cycling programs for cork (“Cork Recycling) and with their increased popularity exist a possibil-
ity for the production of cork insulation products within the United States.    
 The required waterproofing membrane keeps the structure below safe from the intrusion 
of moisture.  Some believe that as long as there is a solid underlying structure and a reliable roof 
membrane, the remainder of the construction can be less complicated (Kiers, 2013).  For a layer 
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that is so vital to the survival of the entire system, longevity becomes the defining factor to se-
lecting a material.  Pre-engineered membranes are durable, resist chemical damage and can be 
installed without fumes or flames ("Green Roof Systems"). Unfortunately, these membranes are 
created from plastics, but recycled content could assist in reducing the environmental impact dur-
ing the production phase.   
 The roof deck material can vary on a green roof depending on the type of structural sup-
port warranted by the building.  For purposes of this paper, I have selected a wooden structure 
below the green roof.  An alternative for the use of plywood is hemp board.  A composite made 
from hemp (a rapidly renewable material) and lignin (a natural polymer found in all plants and 
trees), hemp board is strong moisture resistant substitution to the use of virgin timber for ply-
wood production ("Hemp Board").   
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CHAPTER 7. CONCLUSIONS 
The EduPack 2014 software has a vast library, but is limited in information concerning 
organic and composite materials.  An extension of the software to include recently developed 
environmentally sensitive and organic materials would assist in producing a more accurate life-
cycle cost analysis of structures and their components.   
Concerning the individual components of green roofing technology, the need for more 
regional and practical research is immanently important (Dvorak et al, 2010).  The eco audit 
summery confirms that regional standards for materials should be established based on climate 
differences and availability of materials (Olszewski et al, 2011).  Reuse of materials remains the 
most ecological option at this time, concerning the life-cycle cost of green roofs.  The reliance on 
the production of virgin plastics appears to weigh heavily on the audit.  Keeping these items out 
of landfills and within the material life-cycle circle will assist greatly in alleviating a major por-
tion of the CO2 and energy expenditures (Ashby, 2013).     
Even with the analysis described above, questions remain.  For instance, are all of these 
layers of materials even necessary to produce a successful green roof system?  Has the industry 
in America overcomplicated the entire system in an effort to increase profits? One recent article 
points out that while studying green roofs in Switzerland it was noted that there were no systems, 
no plastic trays, no manufactured “moisture retention layers,” or synthetic filter fabrics. Most 
consisted of a simple layering of straw, or China reed (Miscanthus sinensis), topped with native 
soil from the site (sometimes mixed with lava rock or gravel), and planted with a wildflower 
seed mixture (Kiers, 2013).  Speculation on the success of these Swiss systems could assume that 
the climate is more hospitable or that residents of Switzerland prefer a different aesthetic.  Even 
so, the Swiss approach should generate a conversation comparing the varying systems.   
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Continued exploration of the intended functions of green roofs is mandatory in develop-
ing systems in the future that provide benefits that are socially, economically, and environmen-
tally appealing.  This process begins when professionals and the general public realizes the ex-
treme impacts of our consumption of products and the urgency with which we should be seeking 
solutions.   
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